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TRANSLUMINALLY IMPLANTABLE
VENOUS VALVE

BACKGROUND OF THE INVENTION

Field of the Invention

This mvention relates to the replacement of incompetent
venous valves, and, more particularly, to minimally mnvasive
methods and devices for transluminally implanting pros-
thetic venous valves.

The human venous system of the lower limbs includes the
superficial venous system and the deep venous system with
perforating veins connecting the two systems. The superfi-
cial system includes the great saphenous vein and the small
saphenous vein. The deep venous system includes the ante-
rior and posterior tribial veins which unite to form the
popliteal vein which 1n turn becomes the femoral vein when
joined by the small saphenous vein. The venous systems
contain a plurality of valves for directing blood flow
(generally superiorly) to the heart.

Venous valves are usually bicuspid valves, with each cusp
forming a sack or reservoir for blood which, under pressure,
forces the free edges of the cusps together to prevent
retrograde flow of the blood and allow only antegrade flow
to the heart. When an incompetent valve attempts to close in
response to a pressure gradient across the valve, the cusps do
not seal properly and retrograde flow of blood occurs.

There are two chronic venous diseases 1n which incom-
petence of venous valves 1s thought to be an important factor
in the pathophysiology. These are chronic venous insuili-
ciency and varicose veins.

Chronic venous insuificiency 1s essentially caused by
venous hypertension and chronic venous stasis due to val-
vular incompetence both of a primitive nature (or primary or
essential or idiopathic) and of a secondary nature following
past illnesses of the venous system (generally speaking,
deep venous thrombosis or phlebitis).

As the veins dilate due to increased pressure, the valves
in the veins become less able to withstand the weight of the
blood above them. This causes the veins to dilate further and
the valves 1n the veins to fail. As they fail, the effective
height of the column of blood above the feet and ankles
orows taller, with an increase in the pressure exerted on the
fissues of the ankle and foot. When the weight of that
column reaches a critical point because of enough dilation
and valve failures, the patient begins to have ulceration of
the ankle which start deep and eventually come to the
surface. These ulcerations are very difficult to heal because
the weight of blood causing them still exasts, with the
tendency to enlarge the ulcer, and because they are deep,
often to the bone. Chronic venous insufficiency thus consists
of hypertension of the lower limb in the deep, perforating
and often superficial veins with associated pigmentation,
pain, swelling and ulceration.

Existing treatments for chronic venous insufficiency are
less than 1deal. The only therapies currently available
include elevation of the legs for twenty minutes every two
hours, elastic support hose to compress the veins externally
and surgical repair or replacement of the valves by grafting
veins from the patient’s arm into the leg. These methods are
variably effective. Moreover, surgery has associated com-
plications with morbidity and mortality risk and is usually
very expensive. Similarly, the palliative therapies require
major lifestyle changes for the patient with potentially
suboptimal long term patient compliance. Also, without
repairing the valves, even 1if the ulcers are healed, the ulcers

10

15

20

25

30

35

40

45

50

55

60

65

2

will recur unless the patient continues to elevate the legs and
to use support hose continuously.

The varicose vein condition consists of dilatation and
tortuosity of the superficial veins of the lower limb and
resulting cosmetic impairment, pain and ulceration. Primary
varicose velns are the result of primary incompetence of the
venous valves of the superficial venous system. Secondary
varicose veins occur as the result of deep venous hyperten-
sion which has damaged the valves of the perforating veins,
as well as the deep venous valves.

The 1nitial defect 1in primary varicose veins often involves
localized incompetence of a venous valve thus allowing
reflux of blood from the deep venous system to the super-
fictal venous system. This immcompetence 1s traditionally
thought to arise at the saphenofemoral junction but may also
start at the perforators. Thus, gross saphenofemoral valvular
dysfunction may be present in even mild varicose veins with
competent distal veins. Even 1n the presence of incompetent
perforation, occlusion of the saphenofemoral junction usu-
ally normalizes venous pressure.

The mitial defect 1n secondary varicose veins 1s often
incompetence of a venous valve secondary to hypertension
in the deep venous system. Since this increased pressure 1s
manifested 1n the deep and perforating veins, correction of
one site of mcompetence could clearly be insufficient as
other sites of incompetence will be prone to develop.
However, repair of the deep vein valves would correct the
deep venous hypertension and could potentially correct the
secondary valve failure. Apart from the initial defect, the
pathophysiology 1s similar to that of varicose veins.

Effective treatment of venous valvular incompetence
remains elusive. Some methods of valvular reconstructive
surgery may allow the recovery of valvular function in
certain cases. However, the use of reconstructive surgery 1s
limited by the delicate nature, and, 1n many cases, the
irreversible damage of the valvular structure.

While bioprosthetic heart valves are known, bioprosthetic
venous valves are not readily available. The major deterrent
in constructing venous valves 1s the need to provide a valve
which remains normally open, but closes under slight back-
flow. Another deterrent 1n constructing such valves 1s the
need to provide proper valve leaflet and sinus geometry as
the valve opens and closes. Prosthetic heart valves, and the
current methods of preparing them, are generally not suit-
able as venous valve replacements. Prosthetic heart valves
are usually made from porcine valves, which have a geom-
ctry unsuitable as a replacement for venous valves. These
types of valves are also generally larger than venous valves,
and 1nclude valve leaflets generally thicker and stiffer than
the leatlets of venous valves. The thicker heart valve leaflets
require a greater opening pressure, which can enhance the
likelihood of venous stasis and thrombus formation, and
makes such valves unsuitable for the venous system.

Thus, there remains a need for an 1implantable valve and
related support structure and deployment system for replac-
ing 1ncompetent venous valves. Preferably the prosthetic
valve 1s transluminally implantable, minimally
thrombogenic, and meets the flow requirements unique to
the venous system.

SUMMARY OF THE INVENTION

There 1s provided 1in accordance with one aspect of the
present invention, a method of implanting a prosthetic
vascular valve. The method comprises the steps of providing
a prosthetic vascular valve having at least one leaflet therein.
The leaflet has a minor axis extending substantially perpen-
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dicular to a longitudinal axis of the vessel, and a major axis
extending perpendicular to the minor axis. The leaflet 1s
compressed along 1ts minor axis, to a reduced cross sectional
proflle and positioned within the vessel. The leatlet 1s
thereafter permitted to self expand along its minor axis,
within the vessel. Preferably, the leaflet 1s pivotably attached
to a self expandable tubular support structure, for retaining
the leaflet 1n a pivotable orientation within the vessel.

In accordance with another aspect of the present
invention, there 1s provided a self expandable prosthetic
venous valve. The valve comprises a tubular wire support,
expandable from a first, reduced diameter to second,
enlarged diameter. The tubular wire support has a flow path
extending therethrough, for permitting venous blood tlow.

At least on leaflet 1s pivotably positioned m the flow path,
for permitting flow 1n a forward direction and resisting flow
in a reverse direction. The leaflet comprises a major axis
which 1s perpendicular to and longer than a minor axis, and
the leatlet 1s compressible and expandable along 1ts minor
axis between a first, reduced dimension and second,
enlarged dimension.

Preferably, the leaflet comprises a wire frame 1n which at
least two longitudinal struts extend generally along the
direction of the major axis and are connected by a bend. The
leaflet preferably comprises at least three or four struts
extending generally along the direction of the major axis.

The wire frame of the leaflet 1s provided with at least one
and preferably two or more pivots which define an axis of
rotation. Each pivot 1s connected to the tubular wire support,
to permit the leaflet to pivot with minimal resistance
between an open and closed orientation. The wire frame of
the leatlet preferably further comprises a cover such as a
PTFE or Dacron envelope or layer. The cover may be tied to
the frame such as by 6.0 Polypropylene (Prolene™) suture.

In accordance with a further aspect of the present
invention, there 1s provided an implantable vascular valve.
The vascular valve comprises a tubular wire frame, having
a proximal end, a distal end, and a flow path extending
therethrough. At least one valve leaflet 1s moveably posi-
tioned within the flow path, and rotatable about an axis
which 1s approximately perpendicular to the flow path. The
leaflet 1s moveable between a closed position which 1is
inclined within the range of from about 15° to about 75°
from the axis of the flow path, and an open position which
1s closer to parallel with the axis of the flow path than the
closed position.

Preferably, the leatlet comprises a major axis and a minor
ax1s, and 1s compressible along 1ts minor axis to a reduced,
implantation cross section and self expandable along its
minor axis to an enlarged, implanted cross section.

Further features and advantages of the present invention
will become apparent to those of skill in the art in view of
the detailed description of preferred embodiments which
follows, when considered together with the attached draw-
ings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic side elevational cross-section of a
scgment of a vein, illustrating a prosthetic venous valve
bypassing an mcompetent native valve.

FIG. 2 1s an enlargement of the prosthetic valve of FIG.
1, shown 1n a closed orientation.

FIG. 3 1s an enlargement as 1n FIG. 2, with the valve 1n
an open orientation.

FIG. 4 1s a schematic layout of a wire frame for supporting,
the prosthetic valve shown in FIG. 1.
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FIG. 4a 1s a schematic cross-sectional view through a
tubular valve support of the type illustrated in FIG. 1
showing the axis of rotation for the valve leaflet 1n relation
to the longitudinal axis of the tubular support.

FIG. 4b 1s a schematic cross-sectional view as 1n FIG. 4a

showing the axis of rotation of an alternate valve embodi-
ment such as the two leaflet embodiment of FIGS. 7 and 8.

FIG. 5 1s a schematic plan view of a laterally compressible
leaflet 1n accordance with the present invention.

FIG. Sa 1s a schematic plan view as 1n FIG. §, with eyes
or loops at each bend.

FIG. 6 1s a perspective view of a two leaflet “duck bill”
valve embodiment in accordance with the present invention.

FIG. 7 1s a side elevational schematic view of an alternate
dual leaflet embodiment in accordance with the present
invention.

FIG. 8 1s a side elevational view as 1n FIG. 7, with the
valve 1n the closed orientation.

FIG. 9 1s a schematic plan view of the leaflet as seen along,
the lines 9—9 1n FIG. 7.

FIG. 10 1s a cross-sectional view taken along the lines

10—10 1n FIG. 7.

FIG. 11 1s a side elevational cross-section of a deployment
catheter 1n accordance with one aspect of the present inven-
fion.

FIG. 12 1s an enlarged cross-sectional view of an alternate
distal end configuration for a deployment catheter 1n accor-
dance with the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring to FIG. 1, there 1s 1llustrated a side elevational
schematic view of a portion of a vein, including a plurality
of venous valves. Although the present invention will be
discussed primarily 1n the context of treating a patient with
one or more 1ncompetent venous valves, such as in the deep
veins of the leg, the valve and valve support of the present
invention may be utilized elsewhere 1n the body as will be
appreciated by those of skill i the art 1n view of the
disclosure herein.

Referring to FIG. 1, the vessel 10 such as a vein has an
anatomically distal (inferior) portion 12, and an anatomi-
cally proximal (superior) portion 14. Normal venous blood
flow 16 1s from the distal 12 to the proximal 14 direction
towards the heart.

The vessel 10 comprises a wall 18 and a plurality of
naturally occurring valves 20. Valves 20 assist in permitting
blood flow 16 1n the direction of the heart and resisting
reverse flow as 1s understood 1n the art. Each native valve 20
comprises a first leaflet 22 having a first edge 24 and a
second leatlet 26 having a second edge 28. Leallet edges 24
and 28 are coaptive in a normally functioning valve, to
permit forward and inhibit reverse blood flow.

Due to any of a variety of underlying etiology, as dis-
cussed 1n part 1n the background of the invention, one or
more valves 30 may become incompetent. As used herein,
an 1incompetent valve 1s a valve which fails to adequately
resist reverse blood flow. In the illustrated embodiment,
incompetent valve 30 1s associated with a portion of the
vessel wall 32 which has become diseased or otherwise
weakened so that the opposing leaflets of incompetent valve
30 are no longer able to coaptively close and inhibit retro-
orade blood tlow.

A self expandable prosthetic venous valve graft 40 is
illustrated spanning the diseased or weakened wall section
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32. Venous valve grait 40 includes one or more valve leaflets
42 pivotably or moveably supported within a frame 44. As
used herein, “leaflet” refers to a component of the valve
which 1s moveable between a first position in which blood
1s permitted to flow 1n a forward direction, and a second
position which inhibits blood flow 1n a reverse direction.
Frame 44 1n the illustrated embodiment 1s provided with a
tubular cover 46 such as a flexible, thin walled PTFE or
Dacron sleeve.

The length and diameter of the overall venous valve graft
40 can be varied widely, depending upon the intended
clinical application. In the context of a venous valve support
intended to span an mcompetent venous valve 30 1n the deep
veins of the leg 1n an adult, venous valve graft 40 will
typically have an axial length within the range of from about
2 to about 20 centimeters, and often between about 6 and 14
centimeters. In one embodiment, the venous valve gratt 40
has an axial length of about 10 centimeters. In general, the
length of the venous valve graft 40 1s preferably sufficient to
fully span the axial length of the diseased or weakened wall
section 32, and overlap with proximally and distally adja-
cent healthy tissue by a sufficient distance (e.g., 1-4 c¢m) to
firmly position the venous valve graft 40 in the vein with
minimal or no risk of migration. Thus, venous valve graft 40
may be constructed having differing lengths depending upon
the size of the diseased or weakened wall portion 32 or other
freatment site, such as a treatment site which spans two or
three or more venous valves 20 which have become diseased
and are desirably spanned.

In the case of a patient having multiple incompetent
venous valves 30, a single relatively long venous valve graft
40 can be provided having one or more prosthetic valves
positioned therein to span two or three or more native
valves. Alternatively, as a matter of clinical judgment, a
physician may prefer to install two or three or more discrete
venous valve grafts 40 positioned axially apart along the
length of the vein.

In general, the venous valve graft 40 of the present
invention 1s collapsible 1nto a first, reduced cross-sectional
coniiguration such as for transluminal implantation into the
treatment site, and subsequently radially enlargeable to a
second, larger diameter for retention and functioning within
the vein. In the preferred embodiment, the venous valve
oralt 40 1s biased into the second, larger diameter. In this
manner, implantation of the valve graft 40 can be accom-
plished by restraining the valve graft in the first, reduced
cross sectional configuration as will be discussed and
implanting the valve graft 40 by releasing it from the
retention catheter. The valve graft 40 will thereafter radially
expand within the treatment site to the extent necessary to {it
the vessel. Aradially outwardly biased valve graft 40 further
assists 1in responding to compression pressures which may
be experienced as a result of external compression on the
leg, bending of the knee or other anatomical movement

which places a momentary compressive force on the valve
orait 40.

The expanded diameter of the venous valve graft 40 can
be varied depending upon the intended use, as will be
apparent to those of skill in the art. The second enlarged
diameter for a typical deep vein 1n the leg 1s on the order of
from about 8 mm to about 14 mm, although other dimen-
sions may be utilized as may be desired. Preferably, a venous
valve grait 40 will be selected for a particular vein, having,
a greater unconstrained expanded diameter than the inside
diameter of the adjacent healthy portions of the vessel 10. In
this manner, the proximal and distal end attachment zones on
the valve graft 40 will exert a radially outwardly directed
force on the vessel wall to assist 1n retention of the valve

oralt 40.
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Preferably, two or more radiopaque markers 41 are pro-
vided for enabling visualization of the graft during
deployment, as well as to enable post deployment evaluation
of the position of the graft. Preferably, one or two or more
radiopaque markers are provided on the proximal end of the
oralt and one or more markers are provided on the distal end
of the graft. In addition, at least one and preferably two
radiopaque markers are provided on the valve leaflet. This
will enable evaluation of the operation of the leaflet follow-
ing 1mplantation. The radiopaque markers may comprise
oold, platinum, or other materials which are known 1n the

art.

Referring to FIG. 2, there 1s illustrated an enlarged
fractional view of the valve of FIG. 1, with the valve leaflet
42 1llustrated 1n a closed orientation. In the 1illustrated
embodiment, the valve leatlet pivots about a rotational axis
48, which 1s displaced laterally from the longitudinal axis 64
of the vessel and of the venous valve grait 40 by an offset
distance 66 as illustrated 1n FIG. 4a. Offset distance 66
cooperates with the generally elliptical profile and closure
angle of the leatlet 42, discussed below, to allow blood flow
in the reverse direction to pivot the leatlet 42 1nto a closed
orientation as seen 1n FIG. 2. Alternatively, blood flow 1n a
forward direction 16 (FIG. 3) creates a greater net forward
force moment on the leaflet 42 on the leaflet side of the
rotational axis 48 so that the leaflet 42 opens to permit
forward flow. In this manner, the valve can pivot between an
open and closed orientation under very low fluid force,
which 1s an important characteristic in the context of venous
valves.

The outer tubular cover 46 may be provided with radial
support throughout 1ts axial length, or, as 1n the 1illustrated
embodiment, periodic radial support. Referring to FIG. 4,
there 1s illustrated a wire layout which may be utilized to
construct the wire frame 44 of the venous valve graft 40
illustrated 1n FIG. 1. Any of a wide variety of wire configu-
rations can be utilized 1n the context of the present invention,
as will be appreciated by those of skill in the art in view of
the disclosure herein. For example, self-expandable wire
structures useful for creating self expandable wire frames
capable of supporting one or more valve leallets 42 are
disclosed 1n U.S. Pat. No. 5,800,508 1ssued Sep. 1, 1998 to
Goicoechea et al., entitled Bifurcated Endoluminal Prosthe-
sis; U.S. Pat. No. 5,665,115 1ssued Sep. 9, 1997 to Cragg
entitled Intraluminal Stent; and U.S. Pat. No. 5,507,767
1ssued Apr. 16, 1996 to Maeda et al. entitled Spiral Stent, the
disclosures of which are incorporated in their entireties
herein by reference.

Wire frame 44 comprises at least a first zigzag section of
wire 50, and may additionally comprise a second zigzag
section of wire 52 and a third or more zigzag section of wire
54. Each zigzag section of wire 50 comprises at least two
and preferably from about 4 to about 10 substantially
straight segments 51, 53, joined together by, for example, a
proximal bend 55. Segment 53 1s connected to a segment 57
by a distal bend 59. Each zigzag section of wire 50 prefer-
ably comprises at least about 3 or 4 and as many as 6 or 7
or 8 or more proximal bends 55 and corresponding distal

bends 59.

Each of the sections 50 and 52 are connected by at least
one connector 56, and each of the sections 52 and 54 are
connected by at least one connector 38. In the illustrated
embodiment, the overall wire layout 1s constructed from a
single length of wire. Each of the zigzag sections 50, 52 and
54 may be formed on a cylindrical mandrel, or formed {flat
and rolled about a longitudinal axis and secured such as by
soldering or suture into a tubular configuration which 1is
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utilized to support the cover 46. This construction conve-
niently allows radial compression such as for loading within
a low profile deployment catheter and self-expansion within
the treatment site as will be understood by those of skill 1n
the art.

Where relatively greater radial strength 1s desired, two or
more adjacent zigzag sections 50, 52 can be placed 1mme-
diately adjacent each other with one or more apexes (e.g.,
55, 59) of opposing zigzag sections connected as 1is
illustrated, for example, in FIGS. 4A through 4F and asso-
ciated disclosure 1n U.S. Pat. No. 5,800,508, and FIGS. 2
through 4 1 U.S. Pat. No. 5,665,115 the disclosures of
which have been incorporated herein. Wire or suture loops
may be used to connect opposing bends on adjacent sections
of a multi-section graft. Alternatively, single section graits
may be used where an overall length for the valve graft is
less than about 4 cm and particularly less than about 2 cm
or 3 cm.

The wire frame 44 1s preferably provided with two or
more hinge loops 60 and 62 for pivotably supporting one or
more valve leaflets 42. In the 1llustrated embodiment, hinge
loops 60 and 62 are aligned on and provide a rotational axis
48 for a sigle leaflet valve as 1llustrated 1n FIGS. 1-3. The
rotational axis 48 1s located with an offset distance 66 from
the longitudinal axis 64 as 1s illustrated 1in FIG. 4a. Offset
distance 66 1s preferably at least about 2 mm and generally
within the range of from about 10 to about 30 percent of the
expanded diameter of the venous valve graft 40.

Referring to FIG. 5, there 1s illustrated a schematic view
of the leaflet 42 for use 1n the embodiment 1illustrated in
FIGS. 1-3. Leatlet 42 has a generally elliptical profile,
having a major axis 69 and a minor axis 71. The generally
clliptical profile of the leaflet 42 enables the leaflet to close
a tubular structure such as venous valve graft 40 while
oriented at an angle of between 0° and 90° with respect to
the longitudinal axis of the venous valve graft 40 as may be
seen 1n FIGS. 1 and 2. The closure angle of the leaflet 42
may be adjusted by optimizing the offset distance 66 and the
length of the major axis 69 to adjust the opening flow
volume and closing flow volume necessary to operate the
valve as will be appreciated by those of skill 1n the art.

In a single leatlet embodiment, the leaflet 42 1s preferably
moveable between an open position in which the plane
which best fits the leaflet 1s substantially parallel with the
axis of blood flow (FIG. 3) and a closed position in which
the plane which best fits the leaflet 1s inclined with respect
to the axis of blood flow (FIG. 2). Generally, the leaflet in
the closed position 1s inclined within the range of from about
15° to about 75° from the axis of the flow path, and
preferably, within the range of from about 30° to about 60°
from the axis of the flow path. In multiple leaflet
embodiments, closure angles within approximately the same
ranges are presently contemplated.

The leaflet frame 72 preferably comprises a bendable wire
which has been formed into a series of zigzag bends as
llustrated 1n FIG. 5. As illustrated therein, the leaflet frame
72 comprises a plurality of bends 77 on a leading edge 73 of
the leaflet 42. A plurality of trailing edge bends 79 are
provided on a trailing edge 75 of the leaflet 42. In the
illustrated embodiment, four leading edge bends 77 are
connected to three trailing edge bends 79 by a plurality of
struts 81. Anywhere within the range of from about 2 to 8
leading edge bends 77 may be connected with anywhere 1n
the range of from about 2 to 8§ trailing edge bends 79 1n the
presently contemplated embodiment. Additional leading
edge bends 77 and trailing edge bends 79 together with
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corresponding struts 81 may be provided as desired.
However, excessive struts 81 and corresponding bends will
negatively impact the crossing profile of the collapsed leatlet
42 as will be apparent 1n view of the disclosure herein.

Preferably, 1n the fully expanded leatlet 42, the struts 81
will extend substantially parallel to the major axis 69 of the
leatlet 42. The deviation of any given strut 81 from parallel
to the major axis 69 1n the expanded leaflet 42 will be a
function of the number of leading edge bends 77 and trailing
cdge bends 79 as will be apparent 1n view of the disclosure
herein. This construction permits the leaflet 42 to be com-
pressed laterally along its minor axis 71 such as for loading
into the deployment catheter, and transluminally positioning
with the vessel. Leatlet 42 1s collapsed within the wire frame
44 throughout the deployment process. Following deploy-
ment from the delivery catheter, both the frame 44 and one
or more leaflets 42 positioned therein will self expand to the
implanted, functional dimension.

Preferably, the minor axis dimension of the leaflet 42 1s
compressible to no more than about 1.0 mm and preferably
no more than about 0.5 mm 1n a leaflet 42 having an
implanted minor axis 71 dimension of about 812 mm.

The leaflet frame 72 1s thereafter provided with a flexible
leaflet cover 74 such as a layer of PTFE or Dacron secured
to one or both sides of the leaflet frame 72 or an envelope
for surrounding the frame 72. In one embodiment, the leatlet
frame 72 1s surrounded on both sides by a leaflet cover 74
in the form of a pocket of PTFE. The PTFE pocket surrounds
both sides and the edges of the leaflet 42, and functions 1n
part to obstruct blood flow through the struts 81 as well as
to limit the minor axis 71 expansion of the leatlet 42 at the
desired dimension. Any of a wide variety of materials may
be utilized as the web or coating on struts 81, and still

accomplish the blood flow blocking function of the leaflet
42.

Preferably, the leaflet material will be a polymeric or thin
film metal material which exhibits minimal thrombogenic
activity. Alternatively, the material of the leaflet cover 74
may be provided with any of a variety of nonthombogenic
coatings as are understood 1n the coronary stent and other
implantable cardiovascular device arts. In general, both the
leaflet and the other portions of the graft are provided with
anti-thrombogenic surfaces or surface treatments to mini-
mize thrombosis formation over the leaflet and throughout
the graft. Although the present inventors do not presently
contemplate a preferred anti-thrombogenic surface
treatment, a variety are known 1n the implantable prosthetic
device arts. Such coatings for treatment include chemical
treatment, Corona surface treatments, treatments to reduce
the surface energy to reduce thrombosis formation, and
materials which are inherently anti-thrombogenic.

The leaflet 42 1s provided with a first connector 68 and a
second connector 70, for pivotable connection to the first
hinge loop 60 and a second hinge loop 62 on frame 44. Sce
FIG. 4. Preferably, first connector 68 and second connector
70 are loops on the leatlet frame 72 which can be looped
within the hinge loops 60 and 62 to provide a very low
friction pivotable connection. This construction enables the
prosthetic venous valve to have a relatively high reverse
“break” pressure and a very low forward opening pressure.

The first connector 68 and second connector 70 are
preferably located on a rotational axis 48 which, in the
illustrated embodiment, 1s parallel to the minor axis 71 of the
valve leatlet 42 but offset by a distance 67 which corre-
sponds to the offset distance 66 illustrated 1n FIG. 4a.
Preferably, pivoting of the valve leaflet 42 1s further
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enhanced by forming the leaflet 42 1 a slightly nonplanar
orientation as 1llustrated 1n FIG. 2a. As illustrated therein,
and previously discussed, the rotational axis 48 1s offset
from the minor axis 71 so that 1t 1s nearer to a trailing edge
75 than a leading edge 73. Valve closure may be facilitated
by providing a proximal concavity 81 on a proximal face 77
of the valve leaflet 42 1n between the rotational axis 48 and
the leading edge 73. A distal concavity 83 may be provided
on a distal face 79 of leatlet 42, 1n between the rotational axis
48 and trailing edge 75. This contouring of the leaflet 42 may
facilitate opening and closing of the valve as well as allow
the proximal face 77 to be optimized for closing under
minimal retrograde flow.

In this embodiment, closing efficiency of the valve 1s a
function of the difference 1n the surface area on proximal
face 77 between rotational axis 48 and leading edge 73 and
the surface area of distal face 79 between rotational axis 48
and trailing edge 75. In general, closing force on the leaflet
42 will increase as the rotational axis 48 1s positioned closer
to trailling edge 75. Thus, leatlet 42 may be pivotably
attached to the side wall of the frame 44 at 1ts trailing edge
75. However, rotational axis 48 1s preferably spaced apart
from the trailing edge 75 by a suflicient distance to allow
blood flow on both surfaces of the leaflet 42 when opened,

to minimize stasis and potential thrombus formation. Opti-
mization of the location of rotational axis 48 1n combination

with the contouring of distal concavity 83 and proximal
concavity 81, if present, can be accomplished through
routine experimentation by one of skill in the art in view of

the disclosure herein.

Two coaptive leaflets may be constructed 1n accordance
with the foregoing principles, in which two leading edges 73
provide a coaptive closure against each other. In this
embodiment, a first leaflet 42 1s provided with a {irst
rotational axis 48. A second leaflet 42 1s positioned sym-
metrically across the longitudinal axis of the vessel from the
first leatlet 42, and has a coaptive leading edge 73 and a
second rotational axis 48 located in the same transverse
plane perpendicular to the longitudinal axis of the flow path
as the first rotational axis 48.

Referring to FIG. 6, there 1s 1llustrated one embodiment of
a two leaflet “duck bill” valve 1n accordance with the present
invention. The valve comprises a first leatflet 76 having an
cdge 80 thereon for cooperating with an edge 82 on second
leaflet 78. The leatlets 76 and 78 comprise a plurality of
flexible wire struts, covered by a blood flow blocking
membrane such as PTFE or Dacron as has been discussed.
Each of the leaflets 76 and 78 are rotatably connected to the
inside wall of a tubular wire frame 44, such as through the
use of interconnecting loops or other pivotable connection.

Preferably, the edges 80 and 82 are pivotable towards
cach other to close the valve and away from each other to
open the valve with little or no spring bias, and 1n response
to blood flow. The first leatflet 76 and second leaflet 78 are
contoured with a medially facing concavity, so that forward
blood flow from the rotational axis 84 1n the direction of the
first and second leatlet edges 80 and 82 will tend to open the
valve, while reverse direction flow will operate on the lateral
surfaces of the first and second leaflet 76 and 78 to close the
valve.

The first and second leaflets 76 and 78 may be connected
together at about the rotational axis 84, or may be 1ndepen-
dently pivotably connected to the interior surface of the wire
frame 44. Due to the wire construction of the first and second
leaflets 76 and 78, the leaflets may be radially compressed
for loading within the deployment catheter, and will there-
after radially expand into a functional orientation following
deployment.
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Referring to FIG. 7, there 1s provided a side elevational
view of an alternate two-leaflet embodiment of the valve.
The valve comprises a first leaflet 90 and second leatlet 92
which are independently connected to and/or folded over a
rotational axis 94. As illustrated in FIG. 8, reverse blood
flow causes the first and second leatlets 90 and 92 to rotate

radially outwardly into a closed orientation. Forward flow
folds the first and second leatlets 90 and 92 1nto a low profile
flow permitting orientation as seen 1n FIGS. 7 and 10.

Referring to FIG. 9, each of the leaflets 90 and 92 1s
preferably formed from a self-expandable and compressible
wire frame 94 which permits collapsing into a reduced
cross-sectional profile for positioning within the deployment
catheter, and self-expanding at the treatment site to form the
leaflet 90 and 92. The frame 94 1s preferably covered on one
or both sides by a cover 96 such as a Dacron or PTFE sleeve
as has been discussed 1in connection with previous embodi-
ments. The wire frame 94 preferably comprises a plurality of
straight segments 104 separated by a plurality of bends 102.
Each of the bends 102 may comprise either a simple bend in
the wire 94 or a loop as 1illustrated, such as to enhance
opening force following deployment of the valve. The wire
frame 94 1s further provided with at least a first pivot 98 and
second pivot 100, aligned along the rotational axis 94, to
permit functioning of the valve as will be appreciated in
view of the disclosure herein. First pivot 98 and second pivot
100 are preferably connected to corresponding connectors
on the frame 44 for the prosthetic venous valve graft 40.

Referring to FIG. 11, there 1s illustrated one embodiment
of a deployment catheter 110 1n accordance with the present
invention. The deployment catheter 110 generally comprises
an elongate flexible body 112 having a proximal end 114 and
a distal end 116. At least one radiopaque marker band 117 1s
provided on or near distal end 116 to facilitate positioning of
the catheter and as a reference to monitor the deployment
status. Elongate flexible catheter body 112 has a length
sufficient to reach from the percutaneous access site to the
treatment site. In general, access to the venous treatment site
will be accomplished through a cut down or introduction of
an 1ntroducer, and catheters having a length on the order of
from about 50 cm to about 70 cm are presently contem-
plated. However, other catheter lengths may readily be
constructed to suit particular target sites and access sites.

The elongate flexible body 112 preferably has an outside
diameter within the range of from about 7 French (2.3 mm)
to about 10 French (3.3 mm) in an embodiment intended for
implanting a prosthetic venous valve graft 40 within the
deep veins of the leg. Body 112 may be constructed 1n any
of a variety of manners well known 1n the catheter manu-
facturing arts, such as by extrusion of any of a variety of
known biocompatible materials including high density

polyethylene, Pebax, and PIFE or FEP.

Catheter body 112 1s provided with an elongate central
lumen 118 for axially moveably receiving an elongate
flexible deployment core 120. A distal portion of the flexible
body 112 has an inside diameter sufficient to receive the
collapsed venous valve graft 40 as illustrated in FIGS. 11
and 12. The deployment core 1s provided with a transverse
pushing surface 122 for contacting the proximal end or other
portion of the venous valve graft 40. The proximal end 124
of the deployment core 120 1s provided with a control 126,
so that distal advancement of the control 126 with respect to
the body 112 will enable distal deployment of the venous
valve graft 40 from the catheter 110. In practice, the pre-
ferred clinical deployment technique 1s believed to mvolve
axial retention of the deployment core 120 while the tubular
body 112 or a distal tubular sheath 1s proximally retracted to
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release the venous valve graft 40, to enhance precision
during placement of the venous valve grait 40.

In an alternate embodiment of the core 120 1llustrated in
FIG. 12, the core 120 has a distal extension 128 which
extends coaxially throughout the length of the venous valve
orait 40. A guidewire lumen 130 extends axially throughout
the length of the core 120 and distal extension 128, to permat
navigation of the deployment catheter 112 over the wire as
1s well understood in the art. Additional lumen may be
provided on the deployment catheter 110 as may be desired,
such as for infusion of contrast media, anticoagulants, or
other drugs or materials.

In accordance with the use of the present invention, one
or more 1ncompetent valves 30 are i1dentified 1n a patient. A
deployment catheter 110 1s provided, having a radially
compressed venous valve graft 40 positioned therein. The
deployment catheter 110 1s mtroduced into the vessel, and
fransluminally advanced until the distal end 116 1s posi-
tioned at or about the (anatomically) proximal portion of the
diseased or weakened wall section 32. One or more radio
opaque markers may be provided on the venous valve graft
40 and/or the catheter 110 to facilitate positioning relative to
the 1ncompetent valve 30. Following confirmation of loca-
tion of the deployment catheter 110, the retention sheath or
catheter body 112 1s proximally withdrawn while the
deployment core 1s retained 1n 1ts axial position so that the
venous valve graft 40 1s deployed from the distal end 116 of
the catheter 110. As the venous valve graft 40 1s deployed,
it will self-expand within the vessel, as will be apparent to
those of skill 1n the art 1n view of the disclosure herein. The
deployment catheter 110 may thereafter be transluminally
withdrawn from the patient. Proper functioning of the leaflet
42 or two or more leaflets 1n alternate embodiments may be
confirmed through any of a variety of manners, such as
through the mfusion of radio opaque dye, or the observation
of radio opaque markers positioned on the leatlet 42.

A further application for the valvular prosthesis of the
invention 1s 1n the treatment of congenital defects of the right
ventricular outtlow tract. For example, a valvular prosthesis
in the form of a tubular member bearing at least one venous
valve may be used to bypass a defective semilunar valve of
the pulmonary artery, or even a defective pulmonary artery.
Examples of defects of the right ventricular outflow tract are
fruncus arterioles, pulmonary atresia and pulmonary steno-
S1S.

Truncus arteriosus 1s a congenital cardiovascular malfor-
mation where a single artery, formed by the joining of the
pulmonary and aortic arteries, arises from the heart. This
single artery typically bridges the right and left ventricles.
This congenital defect may also be accompanied by a
ventricular septal defect, which 1s a hole through the heart
wall between the right and left ventricles.

While the mortality from this defect 1s high, attempts are
usually made to repair the defect. This 1involves surgically
separating the pulmonary segment from the aortic segment,
and sealing the resulting opening of the aortic artery. If
present, the ventricular septal defect 1s repaired by suturing,
the opening closed or suturing a patch over the opening. The
pulmonary artery 1s then reconstructed by wvarious
techniques, which usually require the construction or inser-
fion of a valve.

One technique utilizes a homograph which 1s surgically
interposed 1n a graft sutured between the right ventricle and
the pulmonary artery. For a more detailed discussion of this
technique, see “Truncus Arteriosus,” Chapter 28 of CAR-
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History, Techniques, Results, and Indications, by John W.
Kirklin, M. D. and Brian G. Barratt-Boyes, KBE, MB, ChM,

Published by John Wiley & Sons (1986).

In accordance with another application of the present

invention, the transluminally implantable venous valve graft
may be useful i treating dialysis associated central venous
stenosis or central venous stasis. Central venous stenosis
occurs 1n up to 22% of patients with functioning dialysis
oralts 1n an upper extremity. Development of such lesions
limits the usefulness of that limb for dialysis purposes.
Surgical access to these veins 1s difficult because of their
location within the neck and chest. The efficacy of the
current therapeutic endovascular techniques i1s subject to
improvement. Thus, the transluminally implantable venous
oralt valve of the present invention may be utilized 1n
freating central venous stenoses or central venous stasis
associated with dialysis grafts.

Although the present invention has been described in
terms of certain preferred embodiments, other embodiments
will be apparent to those of skill 1n the art 1n view of the
disclosure herein. Accordingly, the foregoing embodiments
are 1llustrative only, and not intended to limit the scope of
the invention. Instead, the scope of the invention is to be
assessed only by reference to the attached claims.

What 1s claimed 1s:
1. A self expandable prosthetic venous valve, comprising:

a tubular wire support, expandable from a first, reduced
diameter to a second, enlarged diameter, and having a
flow path therethrough; and

at least one leaflet pivotably positioned in the flow path
for permitting flow 1n a forward direction and resisting
flow 1n a reverse direction, the leaflet comprising an
internal support having a first pivot point and a second
pivot point attached to opposing sides of the tubular
support, and a rotational axis extending through the
first and second pivot points;

wherein the leaflet comprises a major axis which 1is
perpendicular to and longer than a minor axis, and the
leaflet 1s compressible and expandable along 1ts minor
ax1s between a first, reduced dimension and a second,
enlarged dimension.

2. A self expandable valve as m claim 1, wherein the
leaflet comprises a wire frame having a first eyelet and a
second eyelet thereon.

3. A self expandable valve as in claim 2, wherein the wire
comprises at least two longitudinal struts extending gener-
ally along the direction of the major axis and connected by
a bend.

4. A self expandable valve as 1n claim 3, comprising at
least four longitudinal struts and at least three bends.

5. A self expandable valve as in claim 3, further compris-
ing at least two pivots on the tubular wire support defining
an axis of rotation.

6. A self expandable valve as 1n claim §, whereimn each
pivot comprises a wire loop for pivotable attachment to the
leaflet.

7. A self expandable valve as 1n claim 2, further compris-
ing a cover on the wire frame.

8. A sclf expandable valve as 1in claim 1, wherein the
tubular support comprises a plurality of substantially straight
sections separated by a plurality of bends.

9. A self expandable valve as 1n claim 8, further compris-
ing a tubular polymeric sleeve on the tubular support.

10. A self expandable valve as in claim §, wherein the axis
of rotation 1s substantially perpendicular to the major axis.
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11. An 1mplantable vascular valve, comprising:

a tubular wire frame, having a proximal end, a distal end
and a flow path extending therethrough; and

at least one valve leaflet moveably positioned within the
flow path, the valve leaflet rotatable about an axis
which 1s approximately perpendicular to the flow path
and spaced apart from the tubular wire frame by a
sufficient distance to allow blood flow on both surfaces

of the leaflet when 1n an open position;

wherein the leatlet 1s moveable between a closed position
which is inclined within the range of from about 15° to
about 75° from the axis of the flow path and the open
position which 1s closer to parallel with the axis of the
flow path than the closed position.

12. An implantable vascular valve as 1n claim 11, wherein
the leaflet comprises a major axis and a minor axis, and the
leaflet 1s compressible along 1ts minor axis to a reduced,
implantation cross section and self expandable along its
minor axis to an enlarged, implanted cross section.

13. A method of implanting a prosthetic vascular valve,
comprising the steps of:

providing a prosthetic vascular valve having at least one
leaflet therein, said leaflet having a supporting frame, a
minor axis extending substantially perpendicular to a
longitudinal axis of the vessel, and a major axis extend-
ing perpendicular to the minor axis;

compressing the leaflet along 1ts minor axis, to a reduced
cross sectional profile;

positioning the leatlet 1n a peripheral vein; and

permitting the leaflet to self expand along 1ts minor axis
within the vein.
14. A self expandable prosthetic venous valve, compris-
Ing:
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a tubular wire support, expandable from a first, reduced
diameter to a second, enlarged diameter, and having a
flow path extending therethrough;

a first leaflet, pivotably attached to the tubular wire
support, said leatlet having zig zag frame, a base at a
first end and a coaptive edge at a second end;

a second leaflet pivotably attached to the tubular wire
support, said second leaflet having a zig zag frame, a
base and a coaptive edge end;

the first and second leaflets pivotable about first and
second axes, respectively, the first and second axes
extending transversely through the tubular wire sup-
port;
wherein the first and second leaflet are configured to
permit blood flow 1 a forward direction from the base
through the coaptive edges, and the coaptive edges are
brought 1nto contact with each other to obstruct the
flow path 1n response to blood flow 1n a reverse
direction.
15. A valve as 1 claim 14 wherein each of the first and
second axes are spaced apart from each other.
16. A valve as 1n claim 14 wherein each leaflet comprises
a blood tlow restricting membrane thereon.

17. A self expandable prosthetic venous valve as in claim
1, wherein the leaflet 1s provided with an anti-thrombogenic
surface.

18. An implantable vascular valve as 1n claim 11, wherein
the leaflet 1s provided with a surface for minimizing throm-
bus formation.
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